This study assessed the risk of skin cancer following transplantation of 4 types of solid organs, and the risk of skin cancer in patients with chronic diseases that lead to organ transplantations. A population-based cohort of 5279 Danish patients who underwent heart, lung, renal and liver transplantation, and 77,782 patients with chronic heart, lung, renal and liver diseases during 1977-2006 were included in the study. Linkage to the Danish Cancer Registry allowed complete follow-up for basal cell carcinoma, squamous cell carcinoma and malignant melanoma. Standardized incidence ratios (SIR) and 95% confidence intervals (CI) were calculated. The SIR for squamous cell carcinoma was highest among heart (SIR = 113; 95% CI: 74-166), then renal (SIR = 81; 95% CI: 68-96), lung (SIR = 65; 95% CI: 28-128) and liver (SIR = 60; 95% CI: 27-113) recipients. SIR for squamous cell carcinoma was 4.8 (95% CI: 2.2-9.0) among renal failure patients, but not greatly elevated among patients with the other chronic diseases studied. Organ transplantation is a risk factor for squamous cell carcinoma, with immunosuppressive treatments being the most likely explanation for the association. Key words: skin cancer; organ transplantation; epidemiology; standardized incidence ratio.
Solid organ transplantation is a treatment offered to an increasing number of patients with chronic organ diseases (1). Although life-saving, organ transplantation is associated with an overall 3-5-fold increased risk of malignancies (2-5), especially non-melanoma skin cancers (NMSC) (including basal cell carcinoma (BCC) and squamous cell carcinoma (SCC)) (6) (7) (8) (9) , with a reported 65-250-fold increased risk of SCC of the skin (10). To our knowledge, only 3 population-based studies (8, 11, 12) with longer follow-up times (6.8, 4 .8 and 5.6 years, respectively) have evaluated skin cancer risk among organ recipients other than renal recipients. However, none of these population-based studies compared risk across all 4 individual types of solid organ transplantation and the risk from the underlying chronic diseases. Thus, it is unknown how skin cancer risk differs among recipients of heart, lung, renal and liver transplants, and to what extent this risk is affected by the risk from the chronic diseases that lead to organ transplantation.
Different mechanisms may underlie the high risk of skin cancers among organ recipients. The risk may arise from the underlying chronic disease leading to need for organ transplantation and/or to treatments used to treat a particular disease. Alternatively, the risk may be due to the organ transplantation procedure and/or the immunosuppressive treatments used to prevent organ rejection (13). If certain underlying chronic diseases or their treatments lead to high risk of skin cancer post-transplantation, we would expect this risk to be elevated among patients with chronic diseases before organ transplantation. If the transplant procedure itself is the main risk factor underlying the high risk, we would expect the risk to be the same among patients undergoing different types of organ transplantation. Finally, if the immunosuppressive regimen is the main risk factor for excess skin cancer risk among organ recipients, we would expect the risk to differ according to type of immunosuppressive regimen (1).
We therefore assessed the risk of BCC, SCC and malignant melanoma (MM) among Danish heart, lung, renal, and liver recipients in a population-based cohort study using data from 1977 through 2006. We compared this risk of BCC, SCC and MM among organ recipients before transplantation by examining risk among patients with chronic diseases of the heart, lung, renal and liver that may lead to transplantation.
MATERIALS AND METHODS
This population-based cohort study was conducted in Denmark, which has a population of approximately 5.3 million. The National Health Service provides tax-supported healthcare to the entire Danish population, including free access to hospital care. National data on hospital diagnoses and cancer incidence can be linked using the unique 10-digit civil registration number (CPR number) assigned to all Danish residents (14).
Study cohorts
The nationwide Danish National Patient Registry (DNPR) was used to identify all patients, who underwent solid organ transplantation, or who were diagnosed with a chronic disease that may lead to organ transplantation during the period Using the codes presented in Table I , we identified 5279 organ transplant recipients; of these, 459 received a heart, 384 received a lung, 4010 received a renal transplant, and 426 received a liver. Table I also shows the mean dose of immunosuppressive therapy by type of organ transplantation. Using the codes also provided in Table I , and then searching records for both inpatient and outpatient visits, we identified 77,782 patients with a relevant chronic organ disease: 44,827 with heart failure, 12,925 with emphysema, 5899 with renal failure, and 14,131 with liver failure.
Data on cancer incidence
We determined the incidence rate of skin cancers among patients in the study cohorts through linkage with the Danish Cancer Registry (DCR). The DCR has collected information on cases of primary cancer on a nationwide basis since 1943. It has been found to be 95% complete, with a validity of 98% (16). DCR files include information on cancer type, site, morphology, and cancer history. Since 1978, the DCR has coded tumours according to the 10 th revision of the International Classification of Diseases (ICD-10), and the third version of the International Classification of Diseases for Oncology (ICD-O-3) (17), which includes a 4-digit code for tumour morphology. Throughout the study period, the ICD-10 codes were generated by uniform conversion of the two ICD-O-3 codes (topography and morphology) for each case.
For MM, we used ICD-10 codes C43 and for NMSC we used ICD-10 codes C44. For BCC we included only cancers with the following ICD-O-3 morphology codes: 80903, 80913, 80923, 80933, 80943 and 80953. For SCC we included only cancers with ICD-O-3 codes 80513, 80523, 80703, 80713, 80743, 80753 and 80763 .
Statistical analyses
Organ transplant recipients and patients with selected chronic organ diseases were followed from the date of transplantation, or first admission date for the chronic organ disease, to the date of first primary skin cancer, death, emigration, or the end of the study (31 December 2006). We censored chronic organ disease patients on the date of organ transplantation, or at age 65 years for patients with heart failure and emphysema, and at age 70 years for patients with renal and liver failure. Age 65 years is the formal age limit for heart and lung transplantation and age 70 years is the formal age limit for renal and liver transplantation (18). The number of skin cancers observed among organ recipients and chronic organ disease patients was compared with the number of skin cancers expected in the general Danish population. To obtain this expected number, gender-specific skin cancer rates (computed according to 5-year age groups and 5-year calendar periods) were multiplied with the corresponding person-years of the organ recipients and patients with chronic organ disease. The standardized incidence ratio (SIR), the ratio of the observed to the expected number of cancers, and 95% confidence intervals (CI) were computed using Byars approximation (19) . In our analyses, we compared risk of skin cancers by type of organ transplantation and by type of chronic disease. The cancer endpoints were BCC, SCC and MM. Follow-up for skin cancers was divided into 3 time-segments, < 1 year, 1-4 years and 5-10 years. We analysed data using SAS ® software (SAS Institute Inc., Cary, NC, USA). The study was approved by the Danish Data Protection Agency.
RESULTS

Descriptive data
A total of 5279 patients undergoing organ transplantation (3265 males (62%) and 2014 females (38%)) were followed for 35,615 person-years (P-Y), yielding a median length of follow-up of 5 years. The median age at transplantation was 46 years (range 0-95 years) (Table II) . A total of 77,810 patients had a hospital admission related to one of the chronic organ diseases potentially leading to transplantation (66% males and 34% fe males). They were followed for 280,926 P-Y, yielding a median length of follow-up of 2 years. The median age at hospital admission was 58 years (range: 0-70 years) (Table III) . During follow-up 437 heart failure patients, 223 emphysema patients, 757 renal failure patients and 138 liver failure patients were censored due to organ transplantation (data not shown).
Non-melanoma skin cancer risk following organ transplantation
generally, the BCC:SCC ratio was 1:1 among all organ recipients. The incidence rate of BCC and SCC among heart recipients was highest 5-10 years after transplantation (BCCs: 4.4 per 1000 P-Y; SCCs: 20.4 per 1000 P-Y). Based on a total of 14 BCCs and 26 SCCs, this yielded a SIR of 5.6 (95% CI: 3.1-9.5) for BCC, and 113 (95% CI: 74-166) for SCC. Among lung recipients, the incidence rate of BCC and SCC was highest 5-10 years after transplantation (BCCs: 9.7 per 1000 P-Y; SCCs: 9.7 per 1000 P-Y). Based on a total of 7 BCC cases and 8 SCC cases, lung recipients had a SIR of 4.1 (95% CI: 1.7-8.5) for BCC and 65 (95% CI: 28-128) for SCC.
Among renal recipients, the incidence rate of BCC and SCC was highest 5-10 years after transplantation (BCCs: 3.0 per 1000 P-Y; SCCs: 2.4 per 1000 P-Y). Based on a total of 141 BCCs and 127 SCCs, this yield ed a SIR of 6.9 (95% CI: 5.8-8.1) for BCC and 81 (95% CI: 68-96) for SCC. Among liver recipients, the incidence rate of BCC and SCC was also highest 5-10 years after transplantation (BCCs: 4.7 per 1000 P-Y; SCCs: 7.8 per 1000 P-Y). Based on a total of 9 BCCs and 9 SCCs, liver recipients had a SIR of 4.6 (95% CI: 2.1-8.7) for BCCs and 60 (95% CI: 35-48) for SCCs (Table IV) .
Melanoma skin cancer risk following organ transplantation
The incidence rate of MM was low among all organ recipients. Based on only eight observations, the SIR was 1.2 (95% CI: 0.5-2.3) for MM among all organ recipients (see Table IV ).
Non-melanoma skin cancer risk among patients with chronic organ diseases
The incidence rates of BCC and SCC were lower among patients with selected chronic organ diseases, compared with those calculated for organ recipients. The BCC:SCC ratio was 7:1 among patients with heart failure, emphysema, and liver failure. It was lower among renal failure patients, but remained constant during follow-up. A total of 156 BCCs and 21 SCCs were observed among heart failure patients, yielding a SIR of 0.9 (95% CI: 0.7-1.0) for BCCs and 1.4 (95% CI: 0.9-2.1) for SCCs. A total of 81 BCCs and 11 SCCs were observed among emphysema patients, yielding a SIR of 1.2 (95% CI: 1.0-1.5) for BCCs and 2.1 (95% CI: 1.1-3.8) for SCCs.
Among renal failure patients, 23 BCCs and 9 SCCs were observed, yielding a SIR of 1.1 (95% CI: 0.7-1.6) (14) 75 (19) 431 (11) 49 (12) 619 (12) for BCCs and 4.8 (95% CI: 2.2-9.0) for SCCs. A total of 56 BCCs and 4 SCCs were observed among liver failure patients, yielding a SIR of 1.0 (95% CI: 0.8-1.3) for BCCs and 0.9 (95% CI: 0.3-2.4) for SCCs (Table V) .
Melanoma skin cancer risk among patients with chronic organ diseases
The incidence rate of MM among patients with chronic organ diseases was the same as that observed in the general Danish population. Based on 54 observations, the overall SIR for MM was 0.8 (95% CI: 0.6-1.1) among all patients with chronic organ diseases. Further details are shown in Table V .
DISCUSSION
We found the highest risk of SCC among heart recipients, who are maintained on the highest dose regimen of immunosuppressive medication. This confirms that the general level of immune suppression is probably the primary risk factor for SCC. Renal failure patients also had a high risk of SCC, which similarly may be related to the immunosuppressive treatments for renal failure, or the immune cell dysfunction associated with renal failure prior to transplantation (20). This pre-existing increased risk of SCC among patients with renal failure may explain the relatively high risk for SCC among renal recipients, observed in our study.
Increased risk for squamous cell carcinoma
SCC risk has been associated specifically with ciclosporin use among patients who have not undergone transplantation (21), as well as organ recipients. Two previous studies indicated that organ recipients receiving ciclosporin-based regimens were more likely to experience SCC than those receiving azathioprine and corticosteroids (8, 22) . This agrees with our findings of the highest risk of SCC among heart recipients, who are maintained on the highest dose ciclosporin (1) because of the fatal consequences of allograft loss. The greater carcinogenic effect of ciclosporin compared with other immunosuppressive medications arises from direct cellular effects promoting cancer progression in most cell types, contemporaneously with its immunosuppressive action (23). On the other hand, a higher risk for SCC associated specifically with azathioprine has also been reported among organ recipients (24-26). Azathioprine may increase risk of SCC through a photosensitizing mechanism, as azathioprine is known to induce selective UVA photosensitivity (27). Thus, it is yet to be explored which particular immunosuppressive drug is the most important risk factor for SCC among organ recipients. Alternatively, others and our findings may reflect that the general level and potency of immune suppression is the main risk factor. The renal failure patients in our study also had a high risk of SCC. Renal failure patients (e.g. glomerulonephritis patients) may have had many years of exposure to immunosuppressive drugs, such as glucocorticoids, cyclophosphamide and ciclosporin (28). Alternatively, the immune cell dysfunction, including impaired granulocyte activity, suppressed T-lymphocyte function, and impaired macrophage Fc receptor function, which has been described in patients with renal failure, may explain the excess risk of SCC among these patients (20). This pre-existing increased risk of SCC among patients with renal failure may explain the relatively high risk for SCC among renal recipients, although renal recipients receive a comparable level of immunosuppressive medication to lung recipients.
Increased risk for basal cell carcinoma
Risk for BCCs among all organ recipients was also elevated, although lower than the risk for SCCs. The mechanism underlying the increased BCC risk among organ recipients is unlikely to be the same as that underlying the increased risk of SCC. Since we found similar risks for BCC associated with all 4 types of organ transplantation, the risk association is unlikely to be explained by the level of immune suppression.
Melanoma risk is not significantly increased
We found a slightly increased risk of MM among heart, lung and renal recipients. Our risk association was lower than that reported in a Norwegian study, in which transplant recipients had a SIR of 3.4 (95% CI: 1.7-5.9) for MM (8). Nevertheless, estimates for MM in our study were based on few observations, lacking statistical precision, and therefore definite conclusions cannot be drawn.
Strengths and limitations of this study
Our large population-based study population allowed us to quantify risk estimates with relatively high statistical precision, and to disaggregate patients by type of organ transplantation and chronic organ disease. Furthermore, the uniformly organized Danish healthcare system allows a true population-based design, avoiding selection bias due to loss to follow-up. The median length of follow-up among organ recipients was 5 years, which is an important strength, as BCC and SCC occurrence was highest 5-10 years after transplantation. Diagnostic bias (i.e. surveillance bias (29)) is unlikely to explain our findings. This bias results when patients with a more severe disease receive more medical attention, and hence are diagnosed with additional conditions that might otherwise remain undetected. Had this bias been present, we would have expected the incidence of skin cancers to be highest the first year after hospital admission for organ transplantation or chronic organ disease. This was not the case. A study weakness is our choice of study design, including only the first occurrence of skin cancers, in particular SCC. By not including multiple SCCs in these organ recipients, we failed to demonstrate the true burden of SCC among these organ recipients. Furthermore, we may have included some patients with a chronic organ disease, who never would have undergone organ transplantation because of contraindications, such as smoking in the case of lung transplantation, and severe lung disease in the case of heart transplantation. Inclusion of these patients, as well as unmeasured confounding from other lifestyle factors, may have overestimated our risk estimates for skin cancer among patients with chronic organ diseases.
In conclusion, we found an excess risk of NMSC, especially SCC, among organ recipients. Risk of SCC was highest among heart recipients, who are maintained on the most potent immunosuppressive regimens. Risk of BCC was more modest and similar among all organ recipients. We found no increased risk for MM among organ recipients. Our study suggests that treatments associated with organ transplantation are risk factors for SCC.
